60079 


6  A  //'  / 


R^SMirch  Lciboratoric^s 


BASIC  BI^EARCH  ON  GAS  FLOWS 
THROUGH  ELECTRIC  ARCS-HOT  GAS 
CONTAINM&fT  LIMITS 


G,  L  CANN 
R.  D.  BUHLBl 
R.  L  HARDBt 
R.  A.  MOORE 

ELECTROOPnCAL  SYSTEMS.  INC 
PASADENA.  CALIFORNIA 


D  D  C 


Unitc^d  States  A.ir  Forc€R 


NOTW3S 


^¥bea  Cov&Bment  dncwci^  ,  t^^adficatuos.  or  other  data  are  used  for  scy  purpose  odter  than  in 
'cCMBacticMi  wiAi  a  relitwi  Covesament  procurexoezit  operation,  ti>e  United  Sttte*  Go^  emnsrnt 

6»Bpeby  iDOai«  ao  neapaoBbit^  nor  mxty  ctHgatiaa  ‘wiutBoever;  and  dx-  fact  that  the  On’cmmrnt  :;nay 
htve  lonandstad,  fanrfAed,  or  in  any  way  n^iplied  die  said  drawings,  specifications,  or  other  data,  is 
■at  to  be  tii^gaRied  by  implieatiop  or  odiarwiae  as  in  any  manner  lioensing  tbc  hoHer  or  any  c^her 
l>«wy  gr  gr  oonveying  any  or  permission  to  nuuoufacture,  use,  or  sell  any  patented 

Jawftiou  that  ia>y  hi  any  way  be  telatsd  thereto. 


I  iriii  naprf  r**»ia rrrpiit  ri thic  report  frODi  the  Defense  DocumentatiaD  Center,  ^DCC;. 

%  aBBWnWM  jOOOP,  Aif  TItliCirUs  Vir^KUA. 


Tbh  loport  hnc  been  reieaaed  to  the  OfiBoe  of  Techsncal  Services.  U.  S.  Department  of  Commerce, 
Waatengtop  D.  C.  for  aale  to  the  general  pab'y- 


Copies  of  .*vRL  Tetdmical  ’[>oc'umeDtary  Reports  should  not  be  returned  fc  Aerospace  Research 
Laboratories  uoless  return  is  required  by  security  consicierations,  coatractual  obligations  or  notk-es  or: 
a  spevrifiad  doeianent. 


SCO  - 


l62-39~-74r 


/iDioo  yfs 


ARl  64^9 


BASX  fimmcii  an  gas  roits 

TK^G^GH  mcmc  ATXS-liOT  GAS 

comMmmj 


G.  L  CANN 

I.  D.  BUHLO 
I.  L  HAmm 
R.  A.  MCXm 

BEcnoofiKAi  SYsrmsw  inc 

PASAD&IA.  CAUfOmUK 


NiAKH  1964 


C«*«cf  AT  )3(4S7)-7940 
7063 
M  70634» 


ABtO^ACZ  RI^EASOI 
OmOE  OF  AeZ03?ACE  f^EARCH 
UMTB)  STAHS  AS8 


WRIGHT>PATTE&S0F4  Am  FORCE  RASE,  OFSiO 

3COV070^(0  V/ 


fODVCSD 


Ibis  interia  tecimical  report  vas  prepared  by  Electro-Optical 
fysteao^  Inc.^  fba adena^  California^  on  Contract  AF  33(6S7)-7940  for 
tbc  Aerospace  ieseardi  Laboratories,  Office  of  Aerospace  lesearch. 
Doited  States  Air  Force.  The  research  reported  herein  was  accaa|>lished 
on  Task  7063-03,  "Energy  Exchange  Ihencsama  in  Electric  Arc  Discharges'* 
of  ftoject  7063,  ^fechanlcs  of  Fli^t”  under  the  technical  cognizance 
of  Hr.  Charles  A.  Davies  of  the  Themo-Mechanics  lesearch  Laboratory  of 
AIL.  This  research  is  part  of  a  larger  prograa  on  electric  arc  dis- 
dwKipes  which  is  being  coodocted  by  the  Theroo-Mechanics  lesearch 
Idkoratory. 

Iha  report  Inclndes  sone  data  obtained  fron  Contract  AF  33(657)- 
IS39  of  the  Air  Force  Aero  FTopalsion  Laboratory,  lesearch  and  Tech¬ 
nology  Division,  Air  Force  Sjatesm  C^aasand.  Xteinission  of  the  contract 
asKiltor,  Mr.  F.  J.  L*DaBBBedieo,  Jr.,  to  include  that  Infomation  is 
gratefslly  acknowledged. 


ABSTRACT 


\xt. 


Extensive  «essureaents  in  e  "cescade**  type  arc  research  apparatus 
«»ere  carried  out  with  four  gases  (hydrogen,  helius,  aoBoaia,  and  argon), 
covering  both  the  inlet  region  and  the  fully  developed  region  of  the 
coaxial  flow  discharge.  The  inlet  (gas  heater)  region  results  for  three 
gases  were  coapared  with  the  Stine-Vatson  first  order  theory. ^  -For  the 

Hatsuu  FAlstions  with  eaotricanV  Ad  lusted  eoaataiiufesgae^^^  aarlsfartnrv 
eesii  oilillilFWf  TBRRnn^ptTon^f' All  the-inlet-eases  investigated. 

^  To  estiawte  the  ultinate  technical  limits  of  arc  gas  heater 
perforBsnee  the  well  known  approxiawte  theories  for  the  fully  developed 
arc  colunn  (Farabola  and  Bessel  Models)  were  exten^d  to  include 
radiation  and,  (for  the  hi^  curr^e  regLne)  the  self *«agnetic  pressure 
gradient.  Hot  gas  containoent  liad.ts  (nignest  radially>averaged  cutlet 
enthalpy  vs.  pressure)  ^r^  calculated  for  air,  for  a  range  of  allowable 
wall  heat  loads  (0.1-I0^4e»^ 


/srhnlTsf-HUmit  irf  gas  EOHfStnient  lodepeiafent  -tHF -wixe, 

tfna  prassurr  else  rirwn  njT  llTll*~fffrTlriitly  ^in  gas  approxiaiation. 
TW  fhatiast  f  rxt~r  iiTslisBir  lYHifrrrrss  arr^'TTTtrrr'TUTT 
.-hll^ljrTruiUeJ  thin  wake  I  >wwli  ‘(My‘’T-Tir^i^’Sa^(;^tt~wcbstwm:tartty 
aliwsa  the  fuicnisnalv  awblishadl  anaitisal- ’*wesrte^htatew4«,"  uer- 


concloded  that: 


^  1^  Beat  loads  from  siechanlans  other  than  the  simple  hot  gss 
containwent  (c.g.  electrode  heat  loads,  local  secoodaxy 
arcs,  etc.)  have  so  .far  iisiited  the  enthalpy-pressure 


values  achieved. 


^ 2^  Gaa  beater  perforwance  substantially  above  the  1961  state 
of  the  art  curve  appears  technically  possible,  with 
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1 .  IHIBODDCnON  AMD  SOKMABY 

The  technology  of  the  arc  gas  heater  or  plasna  source  is  relatively 
new,  in  spite  of  the  vast  background  of  arc  technology.  Electric 
arcs  have  been  studied  for  nearly  a  century,  and  utilized  very  extensively 
for  aany  applications  since  the  turn  of  the  century.  However,  except  for 
a  few  chemical  processing  applications,  the  primary  purpose  of  most  arcs 
was  either  the  melting  of  solid  substances  or  the  production  of  visible 
and  UV  radiation,  rather  than  the  production  of  arc  plasma  for  its  own 
sake.  Still  other  important  applications  are  those  in  idiich  the  arcs 
are  unwanted  and  destructive  and  must  be  ’’quenched**  or  blown  out 
(e.g.^  switch  gear). 

In  the  past  10  or  IS  years  a  number  of  new  technical  fields  have 
arisen  idiich  specifically  require  very  hot  gas  (or  plasma)  above  the 
cheadcal  combustion  temperature  regime  and  at  relatively  high  densities  , 
pressures  and  velocities.  Among  these  fields  are,  starting  from  the  low 
temperature  end: 

The  spraying  and  welding  of  refractory  materials 
The  simulation  of  atmospheric  re>entry  fli^t  conditions, 
l.e.  plasma  wind  tunnels  and  heat  shield  test  jets 
Electric  (plasma)  rockets  for  space  propulsion 
Some  aspects  of  thermonuclear  fusion  and  astrophysics 
research . 

For  several  of  these  applications  the  plasma  generator  must  operate 
continuously  at  the  hi^iest  technically  possible  gas  temperatures  or 
enthalpies,  and  at  pressures  ranging  from  about  one  to  several  hundred 
atmospheres. 

The  arc  gas  heater  (or  arc  Jet)  is  to  date  the  most  practical  and 
versatile  continuous  source  of  high  density  plasma,  thou^  it  can  and 
will  be  augmented  by  various  aethcis  of  magnet ogasdynanic  ('^jCD") 
pumping.  As  a  result  the  design  of  arc  devices  for  the  heating  of  gases  has 
been  developed  as  a  highly  specialized  art  over  the  past  decade.  Many 
configurations  for  the  interaction  of  the  arc  and  the  gas  flow  have  been 
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•volved,  Mostly  •nplrlcslly  and  intuitively,  and  used  with  varying  degrees 
of  success  in  the  construction  of  vind  tunnel  gas  heaters  and  laboratory 
SMdels  of  plasua  rockets. 

Xt  is  the  purpose  of  this  report  to  contribute  to  the  understanding  of 
tho  arc  jet  gas  heater  perfonsance  and  its  limitations.  It  is  hoped  that 
the  results  presented  vill: 

Uad  to  Moio  reliable  long  range  estimates  of  the  ultimate  performance 

potentials*  (in  terms  of  pressure-enthalpy  envelopes)  of  such  devices, 

for  different  gases,  aises  and  other  conditions 

Hrmit  much  more  efficient  and  less  costly  develcpfoent  of  specific 

devices  than  vas  possible  by  purely  empirical  methods,  and  where 

necessary,  a  closer  approach  to  the  "ultimate'*  technical  limits  of 

performance. 

All  the  results  presented  in  this  report  apply  to  one  particular  arc  gas 
heater  configuration  which  we  call  the  "coaxial  flow  discharge".  In  this 
Che  arc  discharge  and  the  gaa  to  be  heated  are  passed  through  a  cylindrical 
discharge  tube  or  "constrictor"  (Fig.  1  ).  This  general  arc  gas  heater 
geometry  or  family  based  on  the  use  of  such  a  constricted  flow  discharge  has 
been  found  to  yield  the  highest  mean  gas  temperatures  (or  enthalpies)  among 
the  many  geoarntries  which  have  been  studied  and  tried;  and  there  are  good 
physical  reasons  why  this  is  so. 

however,  soma  of  the  analytical  results  presented  here  are  perhaps  of  more 
general  validity  than  the  performance  limits  of  a  specific  geometry  or  con¬ 
figuration  would  suggest.  The  "hot  gas  containment  limits",  Chou^  calculated 
for  the  specific  coaxial  flow  discharge  case,  are  likely  to  he  at  least  approxi¬ 
mately  applicable  to  any  hot  gas  contained  in  or  flowing  continuously  through 
a  aolid  walled  container  or  nossle  throat,  regardless  of  the  method  by  which 
tha  gas  was  heated.  The  reason  is  that,  as  long  as  heat  conduction  to  the 
"cool"  walls  is  a  major  factor**the  temperature  profiles  across  such  a  hot 
gas  flow  will  quickly  approach  some  "near  parabolic"  shape,  for  the  radi¬ 
ation  contribution  to  the  wall  heat  load,  the  detailed  temperature  and 
pressure  distributions  are  relati^^ly  unisiportant,'. within  the  "thin  gas" 
approxisMktion  uoed  beta.  Thus,  ti^  relations  between  meca  enthalpy,  taean 
*  lutrrilng  aoee  breakthrough  advance  in  mater?  ^ Is  or  in  gas  heater  concepts 

**  We  ere  speaking  here  of  average  gas  temperatures  between  -^0,000  and  30,000*’k 
or  bighar,  wfaila  a  aolid  wall  of  any  known  material  will  ba  below  -4200  K 
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OTTAIL  OF  ARC 
COLUMN 

NOTE: 

1.  ALL  COMPONENTS  WATER  COOLED  UNLESS  OTHERWISE  NOTED 

2.  ALL  RmN.ATORS  BETWEEN  COMPOfCNTS  ARE  A  COMPOSITE  OF 
BORC^  NITRiOE ,  TRANSITE  0  SILiCOM  RUBBER 


FIG.  1  ARC  COLUMN  SCHEMATIC 
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fmMMwm  tiall  iMat  loads  tdalch  arc  iiiould  be  approxlBiately 

««114  fw  mwf  (ciicral  case  vltbla  tbe  regliMS  treated. 

Umi  thest  diadbar^  throu^  a  cyllcdrlcal  tube  say  be  roui^ly  subdivided 
Itttb  rsgines.  If  the  dlsdiarga  tube  is  •afflclently  icog.  Froa  tbe  ^d 
idiete  t&e  cold  gas  flows  la  (with  tbe  arc  colcssa  la  the  ceater)  to  scaite 
dlstasce  do^stresa  we  have  the  **lalist'*  or  "nas  heater**  regloa  la  tdilch  the 
wesTi  enthalpy  of  the  gas  end  the  properties  of  the  discharge  change  rapidly 
la  the  eslal  direction  until  all  the  discharge  and  gas  parameters  (except 
the  pressure)  approadi  sows  asymptotic  condition  (to  within  a  specified 
eccerecy).  Fran  that  point  on,  the  arc  and  the  gas  flow  and  tesqKrature 
distributions  rasisln  sthstantlally  tmehanged  except  for  the  slight  axial 
pressure  gradient  end  e  corresponding  saell  positive  sxisl  velocity 
gredienta  This  Is  deslgnsted  as  the  *'asywptotlc'*  or  *'fally  developed" 
constricted  ere  coluen  region  or  "arc  baated  Polseullle  flow*'.sr 

o 

The  inlet  or  gas  hsstav  region  is  the  most  laportsnt  one  for  engineer* 
lag  eppllcstlons •  l.e,  for  arc  Jet  gas  beaters.  However,  the  asys^totic 
veglaes,  sdilch  is  enthi^satlcally  as  well  as  cxperlciontally  natch  slttpler, 
gtwas  ccnsiderabls  Isisliht  slso  into  the  perfornmnee  Halts  of  the  heater 
teglBB.  Cue  aayaptotlc  **lafltLitely  los^**  constricted  arc  colim  (with  or 
wlthont  Isntaar  coaxial  gas  flow)  has  been  extensively  studied  at  least 
einoe  the  early  1910*s«  sad  there  is  a  -vast  body  of  literature  on  this 
*h»l«ssical**  problsn.  Host  of  this  Is  well  ansEinrlced  la  lefs.  3,4  and  2. 
flM  inlet  region  and  other  flow  dls^nrgs  eases  with  axial  gradients  have 
hoen  wothsd  on  intensively  only  la  the  last  few  years,cacept  for  an  out- 
tending  aeries  of  experinantel  otsdles  on  ewltdi  blow*oot  published  at 
the  fleams  laboretories  in  the  1930*e  OSbsf..  f  ).  Only  vety  few  papers 
dael  with  such  discharges  anslytlcAlly.  Otefs.  €,  7,  8,  9,  10) 

Iho  preesnt  teport etlHaea  end  extends  results  for  both  the  Asymptotic  or 
fhilp  Heweleped  Arc  rnlwsin  end  the  Inlet  Segion.  The  first  part  ot  the 
gnpert  deals  with  cases  (pressure,  tube  slae,  gas  type)  for  idiieh  the 
railAllcMi  Cron  the  •**  ta  tSse  wall  Is  wnlaporte&t  c^aaq^red  with  tberasl 
eandnetien.  The  first  order  malysls  of  ths  inlet  region  by  Stine  end 
Heteen  (pBaf .  •  )  hst  with  «^lrically  adjusted  materiel  fonctlon  constants 

fiaw  rsgimss  end  the '  approximate  amthods  used  to  deacrlbe  end  imalyse 
them  ere  diseased  la  8efs«  1^  2,  5,  end  23. 
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using  "effective^  transport  coefficient  derivatives)  is  compared 
with  experissental  neasureoents  in  three  different  gases,  each  omer  a 
range  of  ctirrent  aitd  isass  flov  values.  This  shows  that  the  Stine-Vatson 
theory,  in  spite  of  its  drastic  sin^lifications,  leads  to  a  satisfactory 
engineering  description  of  the  inlet  region  where  radiation  is  negligible. 

tvom  the  eiq>irically  adjusted  Stine-Vatson  relations  oat  now  has  a 
relation  between  the  radially-averaged  enthalpy  of  the  gas  at  the  heater 
outlet  and  the  wall  heat  load,  for  the  case  of  pure  conduction  only. 

Xhis  gives  the  first  approximation  to  the  *^t  gas  rontaisanent  liadt'*  on 
the  enthalpy  pressure  chart  for  small  arc  heaters  of  specified  sine,  but 
it  cannot  give  an  ^’absolute"  containment  limit.  AccordJjtg  to  this  de¬ 
scription,  the  "attainable**  enthalpy  would  increase  in^finitely  with 
increasing  sise.  More  precisely  stated:  this  theoretical  model,  which 
neglects  radiation,  loses  even  qualitative  validity  above  certain  siae- 
pressure  (or  power)  levels  where  the  radiative  beat  transfer  bee  ones 
dominant. 

To  obtain  a  valid  "absolute**  limit  for  the  containment  of  the  hot  gas 
in  a  cylindrical  constrictor,  the  radiation  contribution  to  the  wall 
beat  load  isust  be  included.  Before  discussing  this  we  point  out  that, 
for  the  calculation'  of  this  performance  limit,  l.e.,  for  the  relations 
between  wall  beat  load  and  mean  gas  enthalpy  and  pressure,  we  do  not 
meed  an  inlet  flow  theory,  since  the  inlet  (or  gas  beater)  flow  dis¬ 
charge  approachea  asymptotically  the  fully  developed  t;d»e  stabilised 
colmsB  case.  If  one  atten^ts  to  achieve  high  mean  gas  enthalpies  la 
an  arc  heater,  the  constrictor  must  be  long  enough  so  that  the  fully 
developed  end  condition  is  closely  approached  (say  to  within  10  percent). 
Ibms  the  wall  heat  loads  near  the  heater  outlet  will  also  closely 
approach  tiie  heat  loads  of  the  fully  developed  flow-coluan.  Thus  the 
theory  the  fully  developed  flow-colusm,  i.e.,  the  asyn^totic  limit 
of  the  heating  process,  is  sufficient  for  these  order  of  magaitade 
calculations  of  the  contalmaent  limit.  For  this  me  use  the  "Bessel 
aodel"  of  the  arc  coltten  tt^ther  with  the  linearind  calcniatlon  of 
the  mean  enthalpy  as  used  by  Stine  and  Vatson. 
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la  tfiita  aisil  c&a  ef  tbis  catealstlca^  aariimi 

aCa^la  to  c&a  cadlatlua  fxxai.  dsa  gM  avo  ifttcxadhscad  laco 

tta  c»lkm  tlMsy.  ^sa  of  as  Lasi  S9«  3  ea  fis.  14)  ia 

aatfJ  8acii»££a  to  fee  Cte  cf  iM^mst 

ta»)«  IMa  r^epssats  t^sZcsl  off  l&a  fiegasl  ass^l  to  lBelfi4a 

asgMatioa.  Ilea  occojcacy  of  tbla  m^^stszlmtiom  is  soriffi^  bgr  arnfarlantal 
SB>ii  FHi  1 1  iffliiiiiiiBmt'a  cooszi^  tbis  tc*B^rs  two  xss^s.  Ob  parffotaosica  liialc 
ebart,  tMa  lonav  taavaeatata  xa^Sjaa  covara  eba  hi^^se  prassoras. 

•iCfi  aadiatiaa  iaoladad  tba  coataiimaat  Halt  caloalatioa  Inudiataly 
laalf  CO  aa  ofaiaaa  coaatrieeor  or  ti^  alxajp  abidi  Lies  ahara  tbs 
tafflacira  aad  ccaiiictlsa  heat  load  cmtrlbatioaa  ars  a&oet  a^aal.  lUs 
alao  cfociffiaa  aa  approKtaata  optiaRsa  poser  lesal  for  tbe  heater  at  each 
paueaeose'-eesshalfy  potet.  lhaaa  are  probably  the  aost  laportaat  ^ptall* 

Catlsa  xeealta  off  tbs  stedy.  Ifeea  the  optiana  slse  and  too  allaeabla 
<3all  bast  Iasi  are  choaaa  calcalatioa  thea  glees  an  "absoleta 
gachaleal  Holt*'  Has  oa  tte  preasevs-osthalpy  plane  for  centiKPaoos 
gaa  feoatora,  near  the  ceglona  «feara  this  earlons  apprcsxLestions  are  ealli. 

fhs  aalliiiey  off  cha*bptical!.y  this  j^s*  ayproxlBation,  tsMd  throe^ouc 
£kla  mtwify,  is  eeriflei  a  posteriori  for  each  caea.  Tbat  is,  the 
calcalatoi  coetaiaesat  Ualt  is  coaslietei  ealii  as  long  as  the  optiaas 
aiae  aai  pcesaere  ealoB  Stained  lies  vithla  the  thin  gas  region  by 
•saeral  oi^rs  off  asgaiteie.** 

iaother  slnplo  appetaElaation  to  the  reiiatioa  and  electric  coo&Ktitrity 
finctloas  (iaaigBatei  as  last  Sb»  1  oa  Pig.  12)  spears  aeitablc  for  the 
«JL^<K}0>30,C00^  rasige  in  nitrogen,  argon  and  slailar  gases,  i.c«,  for  the 
Ki^st  attainable  anthalplns  at  lev  presseres.  This  ruMlta  in  the 
nail  bansn  VUa  or  fhrnbola  endal  off  the  arc  colnan  siih  radiation 
Citef.  4).  In  ealcalating  the  Italtfag  enthalpies  it  sas  foand  that 

&s  cflutaiSHsat  Unit  based  «  the  thin  gas  assaaptioa  repceaaata  a 
"local**  mmKtmmm.  Mmnern  ae  oust  consider  the  possibility  of  aacaeding 
this  liMt  aith  an  eatraeely  large  desioe  share  seif  absorption  tfonld 
peadnatiaeta.  lha  chadt  asasraa  «a  t&st  tMa  sins,  if  it  caciata,  ia  bayead 
tha  reslai  af  yraaaat  practical  concliarsties. 


tlM  total  cturreot  valoos  becaaa  that  tho  nesietic  'yiacfii'* 

l^••l>res  tNiuld  bo  an  apprcclxblo  fiactloo  of  tho  fsa  psosoaxo  in  the 
center  of  the  etc.  Iwcie  rhle  preenuxe  correction  «as  Included.  Xhle 
conteinaBent  celcolation  for  the  well  stebliised  discharge  nust  be 
temlnated  idbcn  current  and  pressure  ualnss  are  reached  idalch  aabe  the 
nail  pressure  go  to  sero^  l.e.  idiere  the  negnetlc  ctmteloEaent  begins. 

Ihe  new  contalnacnt  lladc  corves  on  the  entbalpp'pressure  plane  are 
conpared  with  a  purely  enplrlcal  enthalpy  pressure  envelope  of  vind 
tunnel  arc  gas  heaters,  conplled  recently  11}>  Xhey  dunr 

aurprlslttg  slnllarity  la  the  high  pressure  region  idiexe  the  current 
values  are  aoderate  (a  few  hia^red  to  a  few  thousand  anpere}.  In  the 
low  imsanxe  rcglan,  the  enthalpy  Units  of  the  contaloaent  calculation 
arc  ncb  highor  than  those  achieved  in  practice,  but  the  corresponding 
total  current  values  also  are  eztrenely  high  10,000  *  70,000  anp}. 
Brnre  in  this  reglne  the  gas  heater  perfomence  appears  lierired  not  by 
the  siaple  hot  gas  containswtit  calculated  here,  but  by  other  technical 
liadcs,  presusably  on  the  electrodes. 
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tSjffl  atggairfiiisgBtjat  of  »fe<»  iB£®sactiiM  tetmai  t&fi  fosltlvs 

cvlEKa  ef  ca  ttisstsic  e^re  ^t!h  cmxMtly  t&a  are,  asi 

af|«fi.rF:?*T'ia  «3s  £s!|j]ri£&&eJ  of  aa  axc-colsaa  c^mtalimseat 

aactJ.ea,  a  *ad  aa  asees^ly.  ffsa  aeaioBlklad  apparataa  la  i&OMa 

adtesatleallj  la  1  aai  la  tha  ^oto^ra^  of  Flf.  2.  Vm  aala 
ftatccloos  of  ^ila  a^oxatoa  aza  to  provKa  for: 

lataailag  tba  poaltlva  coloaa  of  tha  arc  ovar  a  aofflclimtlj 
loot  dlataaco  dirot^  a  clrcalar  cjUadrlcal  chaiMial  tbat 
laflaaacaa  of  c3ia  alactroda  atta^saat  zasloaa  oa  dsa  gaa- 
eoloBa  latazactloa  ara  aagltglbla. 

tfaawiirBiiji.  tba  of:  (*)  casrfj  traaafer  froa  tha 

eolaaa  to  tSte  aalla  of  tiha  rhaiwwl,  fb)  alectrlc  potaatlal, 

(c)  faa  pzaasoza. 

Tba  appaxatoa  «as  aocaitad  vartleallj  to  a  tobalar  taet  tS&tabmx 
Ofaippsd  ulc!i  a  pyntx  port  for  wixsilng  cba  afCloaoc  froa  tSaa  arc  apparatoa 
aad  a  cooler  for  coollos  the  i^a.  ytm  taat  cS^^^r  «aa  la  tuna  coometed  to 
a  aacmiM  poop. 

Hio  celaaa  coataliaaeat  aactloa  la  aoda  19  of  aatar-coolad  copper 
aapumta,  aadi  of  abldi  la  alactrlcallj  aad  tbezaallj  Insolatad  froa  adjacent 
aasa^ta  or  conpooenta  of  tba  a^tarataa.  Tbaaa  aegmata  kaae  aa  Internal 
dlaaatar  of  .5  ca  aad  aza  ,23,  .50  or  1.0  oa  thldc.  tta  aaaeabled  colnnn 
aactloa  aaa  aerial  la  laasth  froa  3  to  10  ca.  Zaanlatora  for  tba  aegaaatM 
coaalat  of  aa  laaar  41A  of  boroa  altrlda  aarroniwdad  bj  aa  outer  dlak  of 
ttaaalta.  lha  outer  adca  of  cba  traaalta  la  coated  vltb  a  tbla  file  of 
aiUcoaa  rubber  to  fora  a  faa  aeal.  Xha  boron  altrlda  dlak  flta  laalda 
Che  traaalta  dlak  altk  contact  at  dizaa  aaall  taba  aquallj  apocad  arouad  tba 
ftati^Smxy  of  tba  boroa  altrlda  dlak.  Ibcaa  taba  aalatala  tba  dlaka  coacen> 
trie  «ltb  tba  bolaa  la  the  colnaa  aegaanta  vhlle  Halting  the  heat  coodoction 
to  tba  outer  dlak.  Xba  thlcfcnaaa  of  tba  laaulfitora  la  about  1.0  an. 

.Back  aegnaat  fozniag  tba  colnaa  C4mtai»mt  aactloa  of  cba  appazetua 
la  aeparatalj  cooled  bp  eater  eblcb  flous  tbreutg^  a  circular  flnaad  peaaajpe. 
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■mC  flux  iwlma  abova  10  Im/a^g  based  oo  tlM  iateznal  cyliodrlcal 
•mrfaea  fcava  b©ea  c^csazed  vLth  thaam  ae^aeaca. 

A  Cttieal  casbsde  aasd  for  ^sas  esj^riismta.  Tha 

polac  of  tl.'3  CiS&&£sl'a  Iccate^  at  tha  i&lUt  of  tSt^  first  ao@aeat. 

Xt  1.0  cttii£»  |:x.:^'£tica  fa  arc  heaters  to  IfitK&sce  tlia  gaa  into  the 
hoatifis  hjr  tsra^^tlal  injection  caociiox  the  to  floo  throng 

the  hertic^  rissioa  with  a  aortas  sssticn.  Coaaidershle  S|i«colatlon  as  to 
the  naefttlnaaa  or  dealrahill^  of  thla  aortcx  has  occarred  and  no  concrete 
aaaiiera  haao  jat  easereed.  For  tid.a  reason,  the  esforimsnts  were  carried 
oot  with  c«a  lajected  both  axially  and  tanseatlally  osar  the  cathode  tip. 

Is  the  latter  caaa  the  a&sla  <»f  iojactloo  was  held  constant  at  20^. 

Iho  aaoda  memshlj  la  locate  adjacent  to  the  gsa  exit  and  of 
tha  eoluom  aectlon.  After  atarting  tha  arc  to  the  first  segwcnt,  pcwer 
soppllss  cocmaetad  betTOca  tha  catho^  and  the  anode  asseably  an 
anargixad  and  tha  arc  through  the  coltnai  containsEent  section  is  established. 
Iha  anode  ia  of  a  dlamter  aaweral  tLasa  larger  than  the  coltam  aection  to 
provlda  for  the  capability  of  vary  large  currents  before  ejcceeding  cooling 
beat  flux  ll£d.ts  at  the  ancda.  Ihe  arc  attedbsmt  ^^tnt  of  the  anode 
surface  la  ca^ad  to  rotate  arc^zad  tha  anode  by  a  s-slesoid  coil  which 
surrounds  the  anode.  Xha  sagnetlc  field  producnd  by  this  coll  ia  United 
to  a  nagllgibla  strength  outside  of  the  anode  region  by  an  iron  housing 
around  the  ceil. 

A  aacoed  gas  inlet  is  provided  in  tlae  node.  It  is  possible  to 
bleed  ergoa  in  through  hole,  ao  that  tha  anode  attachaent  point  will 
always  occur  la  sa  stsBOS^tera  of  argon,  lodepeodent  of  the  type  of  gas 
flowing  through  the  ccltan.  Ei^rieoce  has  indicated  that  anodes  suffer 
least  erosion  and  behave  nost  stably,  uben  the  anbicnt  gas  is  argon.  This 
awxtllaKy  gas  ialat  also  provides  a  naans  of  controlling  the  gas  pressure, 
fiaca  all  of  tha  gas  passes  through  a  sonic  orifice  between  the  anode  and 
Out  vacttun  pu^.  Out  pressure  in  the  colum  can  ba  controlled  by  changing 
the  nase  flow  of  gas  throoj^  tha  aacood  gas  inlet.  It  was  possible  to 
cntrol  the  pressure  to  within  A  3  an  at  pressure  levels  of  over  one 
atnosfiicre  esing  this  technique. 
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2.2  IfeawirciKots 

lbs  variables  suasured  durlns  these  experleamts  are  as  folloirs: 

a.  arc  current 

b.  voltage  of  each  seg^oent 

c.  total  arc  voltage 

d.  heat  transfer  rate  to  each  segsent 

e.  static  pressure  at  each  segment 

f.  gas  ness>floH-rate. 

Also,  in  aore  recent  experi^nts,  soae  of  the  segaents  vere  e4]uipped  with 
quartz  viewing  ports;  aeasureaents  were  wade  of  radiation  intensity  and 
teaperature  distribution  by  spectroscopic  aethods. 

Soae  difficulty  was  encountered  in  aaking  accurate  aeasureaents 
of  the  potential  distribution  in  the  coluon.  One  reason  for  this  is 
that  the  ionized  gas  is  surrounded  by  an  annulus  of  cold  aa-ionlsed  gas, 
especially  near  the  inlet.  This  then  aakes  it  sooewbat  uncertain  as  to 
what  potential  the  segeent  will  assuoe  relative  to  the  potential  of  the 
gas  on  the  aids  at  that  position.  Ifithout  ary  real  justification,  it 
was  assuned  that  the  aoasured  segacnt  potential  reflected  the  average 
potential  in  the  gas  over  that  segnent.  Sooe  rather  elaborate  calcula¬ 
tions  on  radial  potential  distribution  and  sheath  potential  drops  would 
have  to  be  nade  in  order  to  obtain  nore  accurate  estinates  of  the  relation 
between  the  neasured  potential  and  the  true  electric  potential  on  the 
axis  of  the  discharge. 

Xbe  current  range  covered  in  the  experiments  was  froa  100  to 
200  aoperes.  Ihe  ntass  flow  rate  was  varied  from  .070  gq/sec  to  .250  g^/sec. 

2.3  ge suits 

From  the  experlawntal  date  the  following  heating  rate  ai^  heat 
loss  rate  paraanters  were  calculated: 

■eating  late  Fsraoeter: 


■eat-Loss  late  Psraneters: 

ad 

from  the  Stine-Vatson  approxioate  solution  (lef.  8)  for  the  arc  coluon 
with  a  coaxial  gas  flow,  these  parameters  ate  se«i  to  depend  esamatially 
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ily  oa  m  dlaeasloolass  arc  leagth  givea  by: 


*/*o  -  ~ 

lypical  results,  those  with  belluai,  are  dicwn  la  Figs.  3,  4  and  5  where 
SS,  plotted  a^inst  the  length  paraseter,  z/u. 

Tbm  data  in  Pig.  4  for  tangential  Injection  of  the  gas  are 
wirtoally  identical  to  the  data  in  Fig.  3  taken  when  the  gas  had  no 
vorticity.  On  the  other  hand,  the  results  shown  In  Fig.  5  fron  a 
separate  eicpcriaent  also  with  tangential  Injection,  Indicate  significant 
differences  fron  the  other  data.  Much  nore  power  Is  transferred  to  the 
inlet  aegsMnts  and  the  difference  between  the  two  curves  of  2KV/a  and 
2IQ/&I  reoelns  such  lower  than  was  observed  In  the  other  tests.  Ten¬ 
tatively  these  differences  are  explained  by  assualng  that  the  primary 
vortex  becasM  vnstable  resulting  In  secondary  flows  which  carried  hot 
gas  from  the  arc  region  back  onto  the  surfaces  of  the  Inlet  segments. 
This  would  tend  to  Increase  the  heat  flux  Into  the  segeents  near  the 
inlet  while  simultaneously  reducing  the  average  gas  enthalpy.  The 
implication  from  there  results  would  appear  to  be  that  the  vortlcity 
in  the  gas  clocs  not  make  any  marked  Improvassent  In  the  gas  heating 

a 

process  while  seriously  degrading  the  heating  capability  of  the  arc 
if  the  vortex  becomes  unstable  and  sets  up  secondary  flows. 

Points  were  read  off  the  average  curves  through  the  data  of 
Fig.  3  in  order  to  obtain  the  efficiency  and  fraction  of  ntyfirmt 
nnthalpy  as  s  fooction  of  the  coordinate  s/m.  The  value  found  for  the 
■axlmiwi  enthalpy  can  ba  expressed  ms  follows: 


.239  X  10 


iters  loules 

Cgp.  amp. 


This  quantity,  as  shown  in  Fig.  3,  is  jnst  the  difference  between  the  two 
curves  2KF/m  and  TSQ/nl  in  the  region  lAere  these  curves  have  become 
perallel  to  each  other. 

2.4  Correlation  of  the  Experimental  Data  with  the  Stine-Watson  Theoi 
There  are  several  techniques  available  to  use  In  an  effort  to 
obtain  a  correlation  between  the  experimental  data  presented  in  Section 
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FROM  EOS,  REF.  22 

UNDER  CONTRACT  NO.  AF33(657)-8839 
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FIG.  3  SIMILARITY  PLOT  SHOWING  GAS  HEATING  RATE  FOR  HELIUM  FLOWING  AXIALLY  IN  A  SEGMENTED 
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FIG.  5  SIMILARITY  PLOT  SHOWING  GAS  HEATING  RATE  FOR  HELIUM  WITH  TANGENTIAL  INJECTION  FLOWING 
IN  A  SEGMENTED  COLUMN  (UNSTABLE) 


2«3  of  Stlsa  lEsa  oost  dizoct  aot&od  wsssM  Im  i» 

l^lot  ctETves  of  cstl^lsj  assJ  eloctrlcal  coe^Soctivity  tbe  t&sssml  coo* 
doetivicy  isLt&gc&l  xsd  evoloote  tbs  slopes  of  s  llossr  appzozlmtioo  to 
tltose  coews.  Hals  woold  tben  eosblo  os  to  eoslisstis  tbe  qasotltles 


Vslog  tbesa  ^nsotltles.  It  voold  be  possible  to  plot  the  eaqierisaentsl  date 
oo  m  oaiocrsal  noo-dljefnstonsl  plot  of 


or 


vs. 


Those  plots  of  experJjzsntal  points  coold  tlsn  be  co^^Mored  with  tbs  tbeozetical 
enrsss  for  these  quantities  that  are  presented  in  Kef.  8.  Ibis  approach  vas 
not  feasible  at  the  tine  the  data  were  reduced  since  tbe  transport  coefficient 
data  necessary  to  obtain  these  corves  oere  not  available.  M  altemativr 
appro och^  ohicb  works  backward  frow  the  eaperlnental  data,  is  ootllned  below. 

Froa  the  carves  dzaon  throoph  the  ezperLBsntal  points  (e.p..  Fig.  3^ 
it  is  possible  to  detecniae  efficiency  of  energy  transfer  to  tbe  gas  and  tbe 
ratio  of  the  local  average  gas  enthalpy  to  tbe  a8japf:otic  gas  enthalpy,  which 
was  evslaabed  in  Sm.  2.3.  Data  representative  of  these  quantities  for 
hsliea,  f^rogeo  and  eesinnle  are  ahown  in  Fig.  b.  The  dkapes  of  the 
efficiency  carves  for  belion  and  hydrogen  near  the  inlet  indicate,  ty 
coaparisoo  with  the  theoretical  curve  of  Stice  and  llataon  that  tbe  neasured 
efficiencies  are  significantly  hi^ier  than  the  predicted  efficiencies,  the 
theoretical  corves  have  only  one  cwrvatore,  ihereas  the  eaperineatal  carves 
go  through  a  reversal  of  caxvstnxe  near  tbe  inlet.  It  was  decided  to  ex* 
trapolste  the  efficiency  curves  for  hellun  sad  bydr^sen  op  to  tbe  vali»  one 
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STINE-WATSON  THEORY 
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FIG.  6  COMPARISON  OF  EFFICIENCY  IN  THE  ARC  COLUMN  WITH  THEORETICAL  VALUES 


at  the  cujrrature  exhibited  over  aost  of  the  curves. 

Bie  values  of  r/n  vihere  the  efficiency  curve  intersects  the  value 
one  was  taken  as  a  new  origin.  The  value  of  ^  was  then  conpited  from  the 
value  of  z/i  where  the  efficiency  was  equal  to  0.50.  The  equation  for 
evaluating  the  quantity  is  given  below: 


.213 


.5 


The  quantity  (j)  ^  ^  corrected  val\ie  for  the  extrapolated  efficiency 

curve  as  described  above.  In  this  way,  the  erperinental  and  theoretical 
curves  were  fitted  at  efficiencies  of  0.5.  It  was  then  j>ossible  to  plot 
points  froa  the  experimental  efficiency  curves  onto  the  theoretical 
efficiency  curve  over  the  %ihoLe  range  of  for  coaparisoo.  This  was  done 

to  obtain  the  results  presented  in  Fig.  6.  It  is  seen  from  this  figure 
that,  with  the  zather  arbitrary  shift  in  origin  used,  the  agreement  between 


the  experimental  points  and  theoretical  curve  is  satisfactory. 

From  the  values  of  )  determined  from  the  asymptotic  difference 

betweisn  curves  of  V/n  and  ~ — r“*  ,  it  was  possible  to  evaluate  the  quantity 

" 

^  1  1 

■  7266  3h 


The  experimental  values  of  h/h^  were  plotted  in  Fig.  7  against 
and  compared  wiJi  the  theoretical  curve  from  Kef.  9.  The  agreement  here  is 
not  as  good  as  was  obtained  with  the  efficiency,  but  still  appears  reasonable. 

The  following  general  comments  can  be  made  concerning  the  correlation 
between  the  theory  and  the  experimental  points. 

1.  For  helium  and  hydrogen,  the  experimental  data  indicate  that 
the  gas  is  heated  more  efficiently  near  the  inlet  than  is  predicted  by 
the  theory.  This  is  not  surprising,  since  it  is  near  the  cariiode  attachment 
point  that  the  assiiaptions  of  the  Stine-Wacson  theory  would  appear  to  be 
most  unrealistic.  In  this  region,  the  discharge  channel  diameter  is 
probably  much  smaller  than  the  diameter  of  the  gas  flow  cnannel,  hence  the 


18 


19 


FIG.  7  COMPARISON  OF  GAS  HEATING  RATE  IN  ARC  COLUMN  WITH  THEORETICAL  VALUES 


gid  nmM  h&  alraott  all  of  the  alectrical  pcmar  frca  ttia  dladiarge. 

fjifa  acco&mt  for  a  Mf^ox  afficioscy  at  tlia  iaiat  t&an  predicted  by 

tMa  sisfiia  thsoty^ 

3.  for  bi’dregsa,  t&ora  a  va.  ^  ai^  h  vs.  ^  curves  vara  available, 

^a  valUsGS  of  aisd  «blc&  prcduced  the  fit  to  the  data  are  not  far 

fitsa  cbose  one  would  read  off  tba  hydrogen  curves.  The  differences  are 
wall  within  the  expected  accuracy  of  this  very  simple  theoretical  model. 

3.  The  scmi*empirical  (i.e.,  **fitted'*)  Stina^Vatscm  curves 
(i«a,.  Figs,  6  and  7)  seem  to  approxiaste  the  iseasured  treiads  for 
aatlnaering  purposes. 
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3.  msicn.  1Sl£®S  AIS)  CXmSPTS 
3,1  Ifsyaicai  Processes 

la  m  survey  (Eef.  11)  of  uitro^m  sod!  air  arc  liaatexs,  it  vas 
found  tlsat  tlia  fKsrforiDaace  limits  sdiieved  by  saay  di£fex^£3s£ 
groups,  using  fjidely  different  gecastricsl  configiiraticas,  oil  se-saM  to 
fell  onto  s  fairly  distinct  band  on  die  pres£ure*entiislpy  nap.  ‘X&is  re-' 
offizms  our  intuitive  belief  that  all  the  sK^re  prcolsing  arc  tester  desljpi 
approaches  aiutt,  in  the  end,  run  into  the  sane  i&ysical  or  technical 
lialtations.  Bence  the  ''State  of  the  Art  Envelope**,  If  it  is  aBeeaingful, 
oust  be  closely  related  to  these  tedmical  limitations.  Xaturslly  vs  vls3s 
to  understand  this  connection  and  find  out  hov  closely  the  present  desiisna 
approach  what  night  be  couaidered  "absolute”  technical  Units,  vith  known 
sMterials  and  techniques.  This  would  give  us  an  indication  of  how  nuch 
”roan  for  ImproveBent**  we  should  expect  to  exist  without  a  breakdarou^  or 
discovery  of  an  entirely  new  and  different  approach. 

The  following  physical  mechanism  are  likely  to  limit  the  ultl* 
mate  obtainable  pcrfomance  of  arc  heaters: 

The  hot  gas  ccmtalmaant  limits,  loposed  by  conduction  or  con¬ 
vection  and  radiation  beat  transfer  and  the  highest  allowable  wall  heat 
loads  of  the  containing  vessel. 

The  heat  retention  problem  of  the  gas,  l.e.,  the  allowable 
residence  time  of  the  bested  gas  vs.  the  tine  (volume)  required  for  gas 
relaxation  and  nixing. 

The  electrode  surface  problems,  i.e. ,  the  acconnodation  of  the 
extreme  local  transient  heat  loads  due  to  cathode  and  anode  arc  cootractioos 
(spot  formation),  in  addition  to  the  high  man  arc  chaad>er  heat  load.  These 
three  physical  concepts  are  intimately  related  to  the  perfoznance  limits  of 
all  arc  gas  heaters.  There  are  other  important  problem  are»  to  be  considered, 
but  these  do  not  suggest  obvious  {dtysical  limits  to  the  potential  gas  beater 
perfczaance. 

In  this  report  we  intend  to  discuss  only  the  hot  gas  containment  limits. 
Further,  we  will  confine  the  study  to  s  configuration  in  which  the  gas  flows 
axially  through  an  axlsyessetric  electric  discharge. 
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Ihe  phy*ic*l  quantities  that  will  tend  to  cause  limits  on  the  map 
of  entlialpy  vs.  pressure  are  heat  conduction,  ”magaetic”  pressure,  radia¬ 
tion  from  the  dimensions  of  the  arc  heater.  At  the  pressures 

and  temperatures  of  interest,  complete  electromagnetic  gas  containment 
appears  oat  of  the  question.  Consequently,  the  walls  of  the  containing 
vessel  must  withstand  the  full  conductive  (or  cenvective^  heat  loads  as  well 
as  that  imposed  by  radiation  from  the  gas.  The  following  simple  considera¬ 
tions  will  indicate  the  general  trends  and  orders  of  magnitude  involved. 

In  the  arc  heater  or  mixing  chamber,  the  gas  enthalpy  distribution 
will  be  very  roughly  parabolic  near  the  center  and  logarithmic  near  the 
walla.  Badiation  and  turbulence  will  tend  to  flatten  the  enthalpy  profile 
near  the  center,  a  thin  arc  filament  along  the  centerline  may  steepen  it  a 
little,  but  by  and  large  the  profile  will  tend  to  return  to  its  stable  shape 
dictated  by  heat  conduction. 

If  the  mean  gas  enthalpy  in  the  container  is  given  and  if  the 
dimensionless  profile  (h/h^  vs  r/R)  is  assumed  independent  of  the  size,  then 
it  is  evident  that  the  wall  heat  flux  due  to  conduction  and  convection  will 
be  propo>rtiona  1  to  the  mean  enthalpy  and  inversely  proportional  to  the 
vessel  size:  ~ 

q  oc 

xon  R 

The  radiation  intensity  per  unit  volume,  ,  will,  for  the  region  of 

interest  ha-'',  be  roughly  proportional  to  the  electric  conductivity  (or 

the  enthalpy  above  a  certain  level)  and  to  the  pressure.  Outside  of 

the  luminous  or  conductive  region  the  radiation  will  be  close  to  zero.  For 

an  optically  thin  gas,  all  the  radiation  strikes  the  wall  and  is  eventually 

absorbed  by  the  wall,  even  if  there  are  several  reflections.  For  similar 

2 

enthalpy  profiles,  the  amount  radiated  increases  as  R  ,  or  the  wall  haat 
flux  due  to  radiation  increases  like  R. 

oc  P^R  and  shape  of  h  distrib.) 

As  the  heater  size  and  pressure  are  increased,  the  radius  eventually  can 
become  large  compared  with  the  optical  path  length  and  the  radiation  flux 
no  longer  increases  with  the  heater  size  (grey  gas  approximation).  Certainly 
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will  never  reach  or  exceed  tie  black  body  intensity  corresponding  to 
the  peak  tenperatuxe  In  the  center  of  the  chamber.  The  total  beat  flux 
on  the  container  wall  is  the  sum  of  the  convective  ai>d  radiative  contributions 

S#  **  *^on  *  S:ad 

H  _ 

~  k  ~  +  k,  P  R  f(fl^) 
c  R  R  r  '  t' 

Clearly,  for  very  small  chambers  and  low  pressures  the  conduction 

term  will  dominate,  viile  for  large  chambers  and  high  pressures  will 

dominate.  In  the  region  where  the  gas  Is  optically  thin  there  will  be  a 

"best  sire”  chamber  for  each  pressure  and  enthalpy,  that  %diich  makes  the 

wall  heat  flux  a  local  minimum.  Conversely  for  etach  pressure  there  will  be 

a  highest  enthalpy  which  can  be  accommodated  within  a  given  wall  heat  load 

2 

(say  ~  10  kw/cm  ).  This  will  furnish  one  pressure-enthalpy  containment  limit . 
asstnning  that  the  "best  sire"  can  be  used. 

It  is  possible  that  for  extremely  large  chamber  sires,  in  the  grey 
gas  radiation  regime,  still  higher  mean  enthalpies  are  possible  because  there 
the  wall  does  not  "see"  the  hottest  gas  in  the  center.  However,  this  is 
likely  to  occur  outside  of  the  practical  sire  range  of  the  tunnel  heater, 
since  this  sire  is  limited  by  other  considerations.  Thus  the  containment 
limit  for  any  allowable  q^  gives  us  a  first  limiting  line  on  the  pressure 
enthalpy  map,  at  least  for  chamber  sires  within  the  optically  thin  gas 
regime.  At  the  same  time  this  limit,  if  we  have  to  approach  it  closely, 
prescribes  approximate  optimum  chamber  sizes  for  each  pressure. 

When  the  arc  current  is  raised  to  large  values,  the  radial  forces 
in  the  discharge  will  tend  to  increase  the  average  pressure  in  the  heating 
column  above  the  value  at  the  wall.  This  effect  imposes  another  constraint 
upon  the  heater  and  we  expect  that  it  will  result  in  another  pressure- 
enthalpy  containment  limit  that  the  average  gas  pressure  cannot  fall  below 
certain  va'ues  which  are  dependent  upon  the  average  gas  enthalpy. 

An  attempt  is  made  in  the  following  section  of  this  f>aper  to  map 
out  the  attainable  regions  in  the  plot  of  enthalpy  vs.  pressure  for  air. 
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Soae  of  the  physical  processas  Lavol^'ad  are  described  oaly  in  a  vary 
approadatfCe  ■annar  in  order  to  carry  out  this  stixly.  Despite  this,  the 
trends  obtained  are  expected  to  be  valid  and  the  Halting  values  obtained 
to  be  correct  to  within  a  factor  of  better  than  2. 

1.2  Analytical  Approach 

A  study  of  the  containnent  Halts  for  a  hot  gas  resolves  Itself 
into  attes^>ts  to  solve  the  energy  balance  equation.  When  axial  conduction 
and  radial  c^tivectioa  are  neglected^  the  equation  describing  this  balance 
can  be  written  as  follows: 

The  quantities  h,  K,  P^,  a,  are  in  general,  all  conpHcated  functions  of 
pressure  and  teaperature.  These  transport  properties  have  been  computed 
by  a  nxseber  of  investigators.  One  of  the  latest  evaluations  is  that  of 
los  (Kef.  12  ).  An  estismte  of  the  coaplexity  of  the  relationships  can  be 
found  froa  exanining  the  data  in  Figs.  8,  9,  10,  taken  from  Ref.  12, 

where  K,  o  and  P^  for  air  are  sho%m  as  a  function  of  temperature  and 
pressure.  Clearly,  no  simple  general  solution  to  Eq.  (  1  )  can  be 
obtained.  Attempts  to  obtain  approxiaete  solutions  for  the  energy 
balance  in  an  arc  have  a  long  and  colorful  history.  Many  models  have 
been  postulated,  and  the  results  of  each  have  some  vaHdity  over  restricted 
temperature  and  pressure  regimes.  A  complete  numerical  integration  of  the 
equations  is  almost  out  of  the  question,  hence  models  will  be  used  to  study 
arc  heaters  for  some  time  to  come.  The  need  for  realistic  approximations 
is  becoBu.ng  increasingly  important  as  theory  and  experiment  are  now  being 
checked  one  against  the  other  and  theory  is  now  being  used  to  aid  in  the 
design  of  arc  heaters. 

For  many  years  effort  was  concentrated  on  solving  only  the  problem 

of  the  asymptotic  arc,  no  gas  is  flowing  throu^  the  arc  or  else  the 

A 

gas  has  been  heated  downstream  to  the  point  where  (pwh)  »•  0.  From 
studes  of  this  kind  it  is  possible  to  obtain  unique  relationships  among 
the  average  gas  enthalpy,  the  heat  flux  rate,  the  pressure,  the  arc 
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current,  the  arc  radius  and  the  radius  of  the  containing  cylinder.  This  is 
adequate  for  deteraining  the  ultisate  performance  capability  of  arc  heaters. 
Also,  correlations  between  theory  and  experiment  are  best  made  in  this 
region,  when  it  is  possible  to  use  the  theory  and  aeasureaents  to  determine 
the  electrical  and  theraal  conductivity  of  the  ga:>. 

ifhen  aore  infoxaation  about  the  heating  process  is  required,  it  is 
necessary  to  solve  Eq.  (1)  coapletely.  This  solution  supplies  the  additional 
infoxaation  of  the  beater  length,  the  efficiency  of  the  heating  process  and 
the  voltage  that  must  be  applied  across  the  heater.  In  order  to  obtain 
analytic  solutions  in  the  heating  region,  it  is  necessary  to  have  the 
radial  profiles  "siailar"  at  each  axial  position.  This  restriction  i&akes 
the  solutions  soaawhat  unrealistic  near  the  heater  inlet,  hence  tlie  initial 
heating  of  the  gas  as  it  enters  the  arc  is  probably  not  described  too  well. 

In  general,  this  is  not  a  serious  objection  to  the  theory,  since  no  critical 
problem  in  heater  perfomance  occurs  here. 

The  first  major  breakthrough  in  the  technique  of  handling  this 

equation  in  the  regime  where  (p*di)  0  (asymptotic  regime)  resulted  from 

^-T 

introducing  a  new  variable  ^  \  K  dT,  instead  of  using  the  temperature 

itself.  This  greatly  simplified^ the  determination  of  the  radial  temperature 
profiles.  Once  this  was  done,  progress  in  obtaining  solutions  to  the  more 
general  problem  of  the  rate  of  heating  of  the  gas  has  been  rapid.  One  of 
the  most  useful  approximations  In  solving  this  problem  has  been  found  to  be 


h  -  h^  -  ^  (i  -  ^l) 

dh 

where  is  Independent  of  pressure.  A  plot  of  h  -  vs.  is  shown 

in  Fig.  11  for  nitrogen  and  the  linear  approximation  is  shown  to  be  quite 
good.  To  a  first  approximation,  ^  is  also  seen  to  be  independent  of 
pressure.  It  should  be  noted  that  this  quantity  is  the  ratio  of  the  specific 
heat  of  the  gas  at  constant  pressure  to  the  thermal  conductivity: 
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(h-h,)  1,000 


FIG.  11  REIATIOSSHIP  BETWEEN  ENTHALPY  AND  CONDUCTION 
FUHCTION  FOR  AIR  1»  THEJOTOYNAMIC  C(;^LIBS11M 


29 


LAW  2 
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FIG.  13  COMBINATION  OF  LINEAR  AND  CONSTANT  APPROXIMATION  FOR  TRANSPORT  COEFFICIENTS 
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FIG.  14  LINEAR  APPROXIMATION  FOR  TRANSPORT  COEFFICIENTS 


Various  relations  csons  exist  over  restricted  ranges 

of  teai^erature  for  different  gases..  Scsse  idea  of  the  ei^prcslisatioas  used 
and  of  tlbslr  validity  con  be  c^talxtsd  by  Figs.  12,  13,  and  14. 

Here  tfee  electrical  conductivity  o  asd  the  ps*'2r  radiated  per  unit  volure 
is  plotted  vs  t!se  tticreal  ccnductivlty  Ictegral  for  ceireral  gases.  Aa 
atteffipt  is  node  to  obtain  a  straight  line  approximation  bcti;;3en  <T  or  P^ 
and  #  in  all  cases  for  a  given  pressure.  In  alnost  all  cases  it  ia 
assuffied  that  the  electrical  conductivity  is  independent  of  the  pressure. 
When  this  Is  done,  the  only  quantity  which  introdns^t^he <^'7essure  into 
the  analysis  is  the  radiated  power  per  unit  voluae  1^.  An  atteapt  was 
■ade  to  list  which  cases  have  been  studied  and  who  the  investigator  was 
in  Table  I. 

One  of  the  aloia  of  this  paper  is  to  asap  out  the  physically 
attainable  regiaaes  on  the  enthalpy -pres  sure  (tap.  For  this  purpose, 
solutions  to  Eq.  (1)  in  the  asyaptotic  regicae  are  adequate.  Accordingly, 
two  solutions  to  the  problen  are  presented  in  the  following  section  for 

two  different  approxln^tions  for  the  relations  essoag  tbs  thermal  ccaduction 
integral  the  electrical  conductivity  of  the  gas  o,  and  the  radiatsd 
power  per  unit  volume  froa  the  gas  P^. 
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THEORETICAL  TREATMENT  OF  THE  COAXIAL  FIXJW  DISCHARGE 
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4.  ANAUrSIS 


4.1  Low  Enthalpy  Solution  for  Atr  Arc  Heaters 

o 

When  the  air  temperature  Is  below  13^000  the  gas  transport 
properties  can  be  approximated  reasonably  well  by  the  following  relations: 


h  “  ‘'l  "  ^  ‘  ^1> 

(2) 

dP 

^  "  <“4^a  '  ^1> 

(3) 

(4) 

The  subscript  "a"  refers  to  atmospheric  pressure  as  a  reference. 

The  subscript  1  logically  refers  to  that  enthalpy  or  gas  temperature  at 
which  the  electron  density  becomes  negligible.  This  point  is^  however, 
usually  determined  by  extrapolating  the  straight  line  approximations 
between  |  and  a  and  between  ^  and  to  the  ^  axis  and  ensuring  that  the 
same  value  of  is  obtained  from  the  two  lines.  Whan  these  values  are 
inserted  into  the  euargy  balance  equation  a  solution  is  obtained  for  the 
case  when  ^  (pwh)  ••  0. 


The  solution  for  the  radially-averaged  gas  enthalpy  can  be  written 


In  this  expression,  r^^  represents  the  outer  radius  of  the  arc  and  R 
represents  the  wall  radius.  The  wall  heat  load  which  now  includes 
the  radiation  and  conduction  heat  flux  can  be  written  as: 
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Ifhon  p  0,  these  two  expressions  reduce  to  the  value  found  by  Stine  and 
Vatson  in  Ref.  8  ,  for  the  average  gas  enthalpy  and  wall  heat  load.  For 
a  fixed  vail  radius  and  arc  current.  It  is  apparent  that  the  radiation  heat 
load  increases  the  wall  heat  load  and  decretses  the  gas  enthalpy.  A  rather 
■iiople  relation  exists  between  the  average  gas  enthalpy  and  the  wall  heat 


2  dP 

)  (:rr). 


17) 


A  Sinllar  expression  can  be  found  for  the  gas  in  the  region  between  the  arc 


At  this  point  It  is  desirable  to  determine  If  some  check  can  be  made 
Or  the  validity  of  the  technique  by  which  the  radiation  was  Introduced  into 
the  analysis.  Accordingly,  the  radiation  per  unit  length  from  an  argon  arc 
was  determined  using  the  equipment  described  In  Sec.  2.  Measurements  were 
made  at  currents  of  100,  180,  200,  and  210  amperes,  and  the  ambient  pressure 
was  aialntalned  at  one  atmosphere.  The  data  from  these  experiments  Is  plotted 
in  Fig.  15.  An  expression  for  the  radiated  power  per  unit  length  of  arc  as  a 
funotion  of  arc  current  can  be  found  from  the  theory  outlined  above. 


The  value  of  the  arc  radius  r^  determined  from  the  following  relation 


iLlis 

S, 


R  In  R/r^ 
r,  2  dP 


tr,  2  dP  -I 


•  'a  mmM 

•here  q^  is  calculated  from  the  measured  power  absorbed  by  a  segment.  Over 
the  current  range  of  100  to  250  amperes,  it  was  found  that  rj^  sc  R  now  in  the 
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FIG.  15  RADIATION  INTENSITY  VERSUS  CURRENT  FOR  SEGMENTED  COLUMN  EXPERIMENT 


Iq.(  9  )  fo»  the  radUted  power  per  unit  length  and  ve  obtain 


Ualng  these  values,  the  theoretical  line  shown  on  Fig.  15  was  drawn  in.  The 
theoretically  predicted  curves  agree  with  the  measured  data  for  the  radiated 
power  to  within  about  ±201.  More  important,  the  predicted  dependence  of 
radiation  upon  arc  current  is  shown  to  be  reasonably  in  agreement  with  experiment. 

The  experimental  and  theoretical  agreement  on  the  radiation  from  the 
arc,  combined  with  the  correlations  found  in  Sec.  2  for  the  gas  heating  rate 
in  the  constricted  arc,  now  give  us  confidence  in  using  the  theory  to  predict 
the  ultiBsate  performance  capability  of  arc  heaters  based  upon  the  criterion 
that  the  wall  heat  flux  rate  at  the  outlet  end  of  the  constrictor  is  the 
critical  heat  load  in  the  device.  Considerable  ingenuity  is  required  in 
electrode  design  to  insure  that  they  do  not  bum  out  before  the  constrictor 
does,  but  this  can  probably  be  accomplished. 

A  oaximizing  procedure  to  determine  the  highest  radially-averaged 
gas  enthalpy  attainable  at  a  given  gas  pressure  can  row  be  carried  out  using 
the  theoretical  equations  derived  above.  The  gas  pressure,  p/p  ,  the  gas 
enthalpy  at  the  wall,  h^  the  gas  enthalpy  at  the  edge  of  the  discharge  h^, 
end  the  wall  heat  flux  rate  will  be  held  fixed.  The  value  of  wall  radius  R 
that  maximizes  the  average  gas  enthalpy  is  then  solved  for,  from  Eq.  (7) 
subject  to  the  restriction  imposed  by  Eqs.  (6,  10).  When  this  is  done  it  is 
found  that  the  condition  for  the  maximum  enthalpy  occurs  when  the  wall  heat 
load  is  equally  divided  between  conduction  and  radiation.  The  complete 
solution  for  the  optlmuia  heater  performance  can  be  written  in  parametric 
form  as  follows: 
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The  expresslona  appearing  on  the  left  sides  of  these  equations  can  be 
expressed  In  terms  of  more  familiar  ncn-dlmenslonal  numbers. 
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h,  -  h  K  <h,  -  h  ) 

1  w  '  1  w 


total  heat  load 
conductive  heat  load 
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m  Nuaselt  number  >  Nu 


where 
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mass  transport  dlffuslvity 
magnetic  dlffuslvity 


<x  magnetic  Reynold’s  number 


and  where 
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/  2  _2 
4k  R  p 


gggnetlc  pressure 
static  gas  pressure 

magnetic  pressure  number 
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By  assigning  values  to  of  from  unity  to  infinity,  relations  can  be 

found  among  the  four  quantities  on  the  right  of  these  equations. 

Values  can  then  be  assigned  to  the  constants  and  relations  found  among  the 
pressure  in  the  gas,  the  average  gas  enthalpy,  the  arc  current  and  the 
radius  of  the  arc  heating  cylinder  or  constrictor.  The  following  values 
were  determined  for  the  constants  for  air  from  Refs.  (8,  3). 


-  5.37  X  10 


3  me  ter-sec 


■  .642 


volts 


l.OO  X  IO¬ 


meter 


RT  - 
o 


7.87  X  10 


4  meters 


p  1,01  X  10' 


newtons 

,  2 
meter 


Using  these  values,  for  each  asslgned^wall  heat  flux  rate,  q^,  it  is  possible 
to  establish  a  curve  in  the  plane  of  versus  —2.  The  arc  current,  con- 

K  A  P 

O  A 

stricter  radius  and  power  in  the  gas  can  also  be  established  at  each  point 
along  this  curve.  Accordingly,  the  lower  sections  of  Figs,  16,  17,  and  18, 
where  the  linear  approximations  of  Eqs.  2,  3,  and  4  may  be  expected  to  be 
valid,  were  calculated  and  drawn  in.  Theory  and  experi.Tient  have  established 
that  10  watts/me tei  or  10  kw/cm  is  near  the  maximum  heat  transfer  rate 
that  can  be  conducted  through  a  metal  without  melting  the  surface.  Heat 
loads  of  this  value  have  been  obtained  with  water  cooled  copp)er  where  the 
heat  load  was  produced  by  an  arc.  The  curves  for  lower  values  of  q^ 
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r,C.  16  COHTMSMEST  UHITS  FOR  AIR  ARC  HEATERS;  USES  OF  CONSIABI  CURRENT 
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FIG.  17  CONTAINMENT  LIMITS  FOR  AIR  ARC  HEATERS;  LINES  OF  CONSTANT  RADIUS 


rm 
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FIG.  18  CONTAINMENT  LIMITS  FOR  AIR  ARC  HEATERS;  LINES  OF  CONSTANT  POWER  IN  THE  GAS 


•stabllsh  how  the  performance  capability  of  the  arc  heater  is  degraded 
vhen  the  constrictor  components  are  not  cooled  as  well  as  they  might  be. 

The  data  established  from  this  evaluation  are  expected  to  be  valid 
up  to  temperatures  of  about  15,000  for  the  gas,  or  enthalpies  of  about 

m  1000.  For  enthalpies  above  this  value,  other  approximations  for 

the  relations  among  the  thermal  conduction  integral  the  radiated  power 
per  unit  volume  and  the  electrical  conductivity  a  must  be  used. 

4.2  Hirii  Enthalpy  Solution  for  Air  Arc  Heaters 

The  transport  properties  of  high  temperature  air  (T  >  15,000  ®K) 
are  quite  different  chan  chose  for  low  temperature  air  and  can  be  described 
approximately  by  the  following  relations: 

"  ■  "i  ■  ^  <♦  - 


The  radiated  power  per  unit  volume  is  evaluated  at  atmospheric  pressure, 
hence  the  subscript  "a".  The  quantity  hj^  is  introduced  to  define  a 
temperature  at  which  the  approximations  for  and  o  cease  to  ba  valid. 

As  the  arc  current  is  increased  and  the  gas  pressure  is  reduced, 
it  will  no  longer  be  possible  to  neglect  the  radial  pressure  gradient 
caused  by  the  pinching  forces  of  the  arc  current  interacting  with  its 
own  magnetic  field.  Since  the  radiated  power  per  unit  volume  depends 
upon  the  local  gas  pressure,  there  will  now  be  a  strong  interaction 
between  the  enthalpy  distribution  in  the  arc  and  the  arc  current. 

An  expression  for  the  radial  distribution  of  pressure  in  the  discharge 
can  readily  be  found  because  of  the  assumption  of  constant  electrical 
conductivity. 


45 


(22) 


P  * 


JJsil 


Tto  furthtar  ^esixnptlon  Ic  nm  tasds  thst  ft  or  that  the  discharge 

fill*  the  conetrictcr.  Tnii  aas’>£:3ptica  will  be  checked  later  in 
order  to  detcrsnine  the  error  introduced.  The  equation  for  the  pressure 
BOW  becosaea 

-2 

^o  ^  2  2 

P  -  P^  +  - 2^  <»  “  *^  )  (23) 

4x  ft 


A  eolutlott  to  the  energy  balance  equation  can  be  found  using  the  relations 
dlecuseed  above.  Once  again,  only  the  solution  when  ^  (pwh)  k  0,  will 
he  discussed,  although  th>:-  general  solution  can  be  obtained.  As  in  the 
previous  case,  it  is  possible  to  determine  an  arc  radius  for  highest 
enthalpy  %ihen  the  pressure  at  the  wall  snd  the  wall  heat  flax  rate  are 
held  constant.  The  condition  resulting  from  this  op'timfzing  procedure 
gives  a  ratio  of  the  heat  load  dut  to  radiation  to  the  total  heat  load 
at  the  wall 


^ad  1  1  ♦  <*.>M  ♦  t  <%>M 


Mo  ®  V  * 

whera  (ft^)jj  -  - j- - 


(24) 


For  low  valuta  of  the  mgnetie  ftaynold't  nuaber  (ft  )„,  tha  heat  load  is 
found  to  divide  equally  between  radiation  and  conduction.  This  agrees 
with  tha  distribution  found  in  tha  pravioua  case,  wl«are  it  vaa  tacitly 
ssavBMd  that  <*.>M  «  I.  A  eet  of  parasetric  relations  can  now  ba 
found  asK)ng  the  average  gaa  pressure,  the  average  gas  enthalpy,  the 
constrictor  radius  snd  the  ere  current. 
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th«  exproasloas  on  the  left  of  these  equations  can  be  vrltten  In  terms  of 
the  four  non*dlQenalonal  numbers  found  in  the  previous  solution,  vlth  soma 
slight  modifications  of  definition.  The  values  assigned  to  the  various 
constants  for  air  over  16,000  ®K  are  listed  below: 


Since  the  expression  containing  (Re)u  varies  for  1/2  to  5/6  as  (Re)jj  goes 
from  0  to  infinity,  a  value  of  0.65  ia  assigned  to  it.  For  arc  radii 
varying  from  10  cm  to  1  cm  then  the  radius  ratio  varies  from  l.Ol  to  1.10. 
This  indicates  that  there  la  only  a  small  error,  at  moat  lOX,  introduced 
Into  the  calculation,  by  assuming  that  the  arc  fills  the  constrictor. 

As  in  the  previous  esse,  values  can  be  assigned  to  the  parameter 

found  among  the  average  gas  pressure  the  radially- 
averaged  gas  enthalpy  ^he  arc  current  I,  the  constrictor  radius  R  and 
the  power  in  the  gas^  F^,  Data  from  this  evaluation  have  then  been  plotted 
on  Flga,  16^  17,  and  18,  the  maps  of  h/RT^  vs  p/p^  for  air  arc  heaters  for 
values  of  h/RT  greater  than  1000. 
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Viewing  Pigs.  16,  17  and  18  as  a  whole,  there  is  a  general  sweep 
from  the  low  pressure,  high  enthalpy,  high  current,  large  sire  regime  out 
to  the  high  pressure,  lower  enthalpy,  low  current  small  sire  regime.  The 
power  in  the  gas  is  a  weak  function  of  both  pressure  and  enthalpy  in  the 
low  enthalpy  regime,  but  climbs  steeply  in  the  high  enthalpy  regime. 
Indicating  that  a  great  deal  of  power  is  going  to  be  needed  to  realize 

the  higher-than-state-of-the-art  enthalpies  that  the  calculations  Indicate 
are  feasible. 
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5.  ^^  COWLUSICIS  Ai©  SUGCSGtED  FUIUHS  tfDRK 

For  tha  design  opttnlEstion  of  high  enthalpy  arc  heaters  tha 
®tlca<“l"ateoa  type  of  analysis,  vhaa  extended  to  include  rfidiation,  gives 
adequfite  Eeml-ssplrical  foraulaa  for  all  tha  gases  investigated.  That 
la,  tfio  di'^nsionless  pareiseters  derived  frea  this  i&odel  adequately 
represent  the  dcmlnant  physical  effects,  and  the  constants  can  he 
•aaplrlcally  adjusted  to  absorb  the  major  errors  introduced  by  the 
staple  model. 

To  obtain  a  more  accurate  theoretical  description  of  the  inlet 
regime,  one  isay  have  to  simultaneously  include  tlie  effects  of  the  axially 
varying  discharge  cross  section,  pressure  and  velocity  distributions 
including  the  contributions  due  to  magnetic  pumping,  and  of  course,  the 
nonlinear  material  functions*.  The  mathematical  complexify  of  this 
problem  then  would  be  of  a  totally  different  order,  namely  that  of  a 
ccotplece-.  nonlinear,  two-dimensional  magnetogaadynaaic -viscous  flow 
problem.  To  the  writer^}  knowledge,  there  exists  no  general  mathematical 
approach,  nui.)erlcal  or  other,  capable  of  solving  this  very  complicated 
and  very  nonlinear  problem  with  any  "reasonable"  expenditure  of  computing 
hours.  It  is  thus  clear  that  one  will  have  to  rely  upon  high^,'  simpli¬ 
fied  analytical  models  for  some  time  to  come. 

For  the  necessarily  ro*agh  estimates  of  the  ultimate  performance 
llaiita,  l.e.,  for  the  hot  gas  contalniient  limit  calculation,  the  asymptotic 
colunm  results  appear  adeqxiate.  This  is  understood  when  we  consider,  first, 
that  the  fully  developed  column  solution  is  the  condition  which  the  gas 
flow  St  the  hester  outlet  must  approach  asymptotically,  and  secoml,  that  in 
ths  region  where  the  flow  does  approach  the  fully  developed  solution  the 
wall  heat  load  is  roughly  proportional  to  the  average  gas  enthalpy  at  each 
crost.  section,  ss  shown  by  the  extended  Stine-Watson  analysis  and  by  experiment. 

The  important  result  of  this  containment  limit  calculation 
is  the  theoretical  prediction  of  an  optimum  constrictor  size  for 
all  cases  for  which  the  "optically  thin  gas"  approximation  reasonably 

^However,  the  possibility  exists  that  the  radius-of-src  to  radius-of-wall 
ratio,  r./R,  saay  be  advantageously  introduced  into  the  Stinc-Watson  theory 
by  ItselK 


<0 


veil  represent*  the  total  radiation  froa  the  arc.  This  optlausa  con¬ 
strictor  radius  varies  vith  pressure  like  the  square  root  of  the 
radiation  intensity  That  is,  «  (P/P^)^^  at  the  lover 

enthalpies  and  highest  enthalpies.  The 

existence  of  this  optimum  radius  implies  an  "absolute”  containment 
limit  as  long  as  we  remain  in  the  thin  gas  regime.  Only  for  very 
much  larger  sixes,  i.e.,  when  the  constrictor  radius  becomes  much 
larger  than  the  optical  path  length  L  *,  will  this  qualitative  trend 
reverse  itself,  as  shown  in  the  following  sketch: 


*  The  optical  path  length  L  is  defined  as  1/a,  i.e,,  the  inverse  of  the 
absorption  coefficient  per  unit  length,  a.  Thus  in  a  gas  of  constat 
conditions  the  radiation  from  a  point  is  attenuated  by  a  factor  e”^  ■ 

e  in  a  distance  L. 
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for  Many  arc  appllcatloaa  vltli  £asca  lika  hydrogen  or  nitrogen  the 
optically  thin  gaa  raglica  treated  hero  covers  the  sires  and  pressures 
of  practical  isportance*  Ecr^ever,  for  other  geees  such  as  isercury  and 
alkali  lestel  vepors^ae  veil  es  for  cKtresely  high  praesures  with 
nitrogaa,KhQ  "cptlcally  denga”  gas  reglcse  is  of  practical  Isportance, 
Xhia  fliould  he  treated  in  a  future  calculation. 

Xt  ahould  ba  pointed  out  that, for  the  asymptotic  or  fully 
developed  column  theory,  there  ere  no  fundamental  mathesiatical 
obatacles  vhich  would  prevent  ua  from  making  the  calculation  more 
accurate.  The  problem  ic  one-dlinensional  end  the  energy  equation  is 
virtually  decoupled  from  the  momentum  end  continuity  equations  except 
for  the  magneticelly  Induced  radial  pressure  gradient.  Thus  the 
inclusion  of  the  exact  material  functions,  of  self  absorption  and 
magnetic  pressure  simply  make  the  energy  equation  more  complicated 
and  more  non-lineer,  but  do  not  prevent  the  uae  of  numerical  successive 
epproximstion  (Piccard  type)  solutions  which  can  be  made  "as  accurate 
as  we  pleacQ, "  certainly  as  accurate  as  our  knoi/ledge  of  the  material 
function  curves  would  warrant.  This  is  contrasted  with  the  at  least 
two  dimensional*  inlet  problcmi  where  the  coupling  between  momentum 
and  anergy  equationa  ia  atrong  and  essential.  Thus  the  fully 
developed  coXisan  solutions  with  radiation  and  magnetic  pressure,  and 
the  integrated  enthalpy  of  the  flowing  gas  for  this  case,  can, and 
undoubtedly  will, be  calculated  much  more  accurately  than  was  done  here. 

A  final  important  open  question,  and  a  possible  error  in  this 
and  most  other  analysea  of  the  coaxial  flow  discharge,  is  the  apriori 
aseumption  of  laminar  flow.  It  ia  quite  possible,  even  probable, 
that  turbulence -like  disturbances  may  be  created  in  the  discharge 
itself.  From  the  "kink"  instability  of  the  arc  one  would  expect  this 
tendency.  However,  besides  our  present  inability  to  calculate  a 
"turbulent"  flow  discharge, there  are  Justifications  for  working  with 
a  purely  laminar  flow  isodel  in  practice.  They  are: 

1.  That  the  mean  Reynolds  numbers  are  in  most  cases  extremely 
low,  due  to  the  hi^  viscosities  of  the  ionised  gas, 

*  Soma  instabilities  (secondary  flow)  could  here  even  destroy  the  axial 
symmetry  and  make  the  flow  problem  three  dimensional.  Such  cases  are 
ballaved  to  have  been  observed. 
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•o  that  the  desplng  of  dieturbances  suet  be  very  high. 

2»  That  the  flow  near  the  valle^  wf^ere  the  thermal  impedance 
ie  hipest,  ia  believed  to  be  stabilised  by  the  tessperature 
and  viscosity  gradient  there  (”L2qs'  effect”),  and 
3,  That  for  the  few  cases  for  which  ccaplete  comparisons  have 

been  carried  out, namely  for  nitrogen  arcs  (Eef.  26)  excellent 
agreement  between  theoretical  and  experimental  thermal 
conductivities  was  obtained  with  the  laminar  model. 

The  comparison  between  the  gas  heater  state  of  the  art 

performance  envelope  and  the  theoretical  containment  limit  curves, 

rou^  and  tentative  as  it  undoubtedly  is,  still  leads  to  the  conclusion 

that  there  appears  to  be  considerable  "room”  for  substantial  advances 

in  gas  heater  performance,  i.e.  for  higher  mean  enthalpies  at  all  pressure 

levels,  but  most  of  all  at  the  lower  pressures.  We  note  first  that  a 

2 

well  cooled  thin  metal  wall  can  stand  heat  loads  of  10-15  kw/cm  (plane 

slab  conduction  and  cooling)  and  even  higher  values  «dten  we  deal  with 

a  very  small  or  very  short  cylindrical  channel  (three  dimnsional 

conduction).  However,  in  gas  heater  practice  where  there  utay  be 

2 

neither  free  choice  of  the  metal  nor  of  the  geometry,  1-3  kw/cm 
appear  reasonable  wall  heat  load  values  for  high  pressure  water 
cooled  parts. 

Now  we  compare  on  the  pressure-enthalpy  charts.  Pigs.  16 

through  18,the  empirical  arc  air  heater  performance  envelope  with 

2  2 

the  containment  limit  curves  for  1  kw/cm  and  for  3  kw/cm  .  Even  the 
lower  one  of  these  lies  appreciably  above  the  "state  of  the  art” 
envelope.  If  we  assume  the  containment  limit  curves  to  be  sufficiently 
accurate  for  this  type  of  comparison  (i.e.  say  reliable  within  a  factor 
of  2)  then  we  must  ask  why  gas  heaters  have  not  yet  gotten  up  into  the 
regime  between  the  two  containment  curves  mentioned.  Part  of  this 
might  be  attributed  to  deviations  from  what  is  now  believed  to  be 
the  optimum  size  for  containment,  or  to  insufficient  constrictor  heat 
load  capability  (e.g.  ceramic-lined  constrictors).  However,  these 


53 


•xplauaticas  ar®  not  tufflcient  to  brid^a  tha  gap, 

Tba  Bijor  raasoa  esuet  fco  that  physical  aschsaica'is  ofchar  than 
tlio  alepl®  hot  gae  ccatGlR^.a.at  haa-a  lisitcd  th®  parfoK;aacQ  of  the  arc 
gaa  hestsr®  huilt  to  d£ta.  Xn  esoot  ere  heoter  daelgaa  the  electrodes 

are  exposed  to  th®  full  contalcssnt  heat  loads  plus  lerg®  additional 
heat  loads  at  the  arc  attachaasnt  points,  so  that  the  electrodes  clearly 
are  the  perfortaance  limiting  corapocents.  This  is  especially  true  at  the 
low  pressures  where  the  total  current  values  required  to  reach  the 
contaimact  limits  become  very  large. 

Bowaver,  ve  know  that  there  are  possible  methods  and 
dealgn  configurations  which  remove  the  electrodes  from  becoming  the 
performance  limiting  cossponents.  Ths  'double  Gerdien'*  ere  chamber 
(IBef.  27  end  23)  is  one  of  these  configurstions,  end  there  are  others.  It 
is  this  reasoning  which  led  us  to  calculata  the  containment  limit  as  the 
■oat  likely  performance  boundary.  Therefore,  ve  conclude  that  arc  gas 
heater  perfors^inc®  corresponding  to  t!«e  appropriate  containment  limit 
curves  (perhaps  the  3  ku/as  curve)  should  be  technically  possible. 

for  more  accurate  predictions  it  will  be  necessary  to 
cecelculete  these  curves  more  precisely  for  the  optically  thin  gas, 
to  calculate  the  "optically  dense"  gas  regime  also,  end,  most 
important,  to  check  these  theoretical  predictions  with  suitable 
•xperieents. 
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